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FOREWORD 


Tho  research  herein  was  conducted  by  the  staff  of  the 
Mon*nnto/Wanhington  University  Association  under  the  sponsor¬ 
ship  of  Lha  Advanced  Research  Projects  Agency,  Department  of 
Dofcnao,  through  a  contract  with  the  Office  of  Naval  Research, 
NQ0Q14-67-C-0218  (formerly  N00014-66-C-0045)  ,  ARPA  Order  No.  876  , 

ONR  contract  authority  NR  356-484/4-13-66,  entitled  'Development 
of  High  Per  ormance  Composites." 

The  prime  contractor  is  Monsanto  Research  Corporation.  The 
Program  Manager  is  Dr.  Rolf  Buchdahl  (phone  314-694-4721) . 

The  contract  is  funded  for  $7,000,000,  and  expires  30  June  1974. 


DEVELOPMENT  OF  A  METHOD  AND  APPARATUS 
FOR  SPINNING  A  YARN  OF  HIGH  MODULUS  FIBERS* 

Myrne  R.  Rileyt 
Monsanto  Company 
St.  Louis,  Missouri 

ABSTRACT 

A  two-slurry  vortex  spinning  process  was  developed  for 
spinning  a  yarn  of  aligned  high  modulus  core  fibers  wrapped 
with  helically  twisted  fibers  of  the  same  or  lower  modulus.  Yarn 
was  formed  at  the  entry  to  the  rotating  tube  of  the  spinning 
assembly  as  the  annular  fiber  suspension  twisted  around  the 
more  viscous  core  slurry.  The  rotating  tube  generated  an  axial 
vorticity  gradient  within  the  suspension,  and  the  resulting  hydro- 
dynamic  force  twisted  the  outer  fiber  layer.  Yarn  was  spun  con¬ 
sisting  of:  chopped  glass  in  the  core  and  wrapping  positions;  glas 
as  the  core  wrapped  with  synthetic  textile  fibers;  long  staple 
^-silicon  carbide  whiskers  wrapped  with  glass  and  synthetic  fibers. 
The  op« rating  limits  for  spinning  yarn  with  the  apparatus  were 
do toi m l nod . 

F lliot  rninforoMd  epoxy  composites  were  formed  using  yarn  spun 
with  the  vuitox  device.  The  mechanical  properties  were  comparable 
to  values  old  lined  on  extruded  discontinuous  fiber  composites. 

•Contribution  II PC  7 - X 4 f j  from  the  Monsanto/Washington  University 
Association  sponsored  by  tho  Advanced  Projects  Research  Agency, 
Department  of  Defense,  under  Office  of  Naval  Research  Contract 
N00Q14-G7-C-021B 

tProaont  address:  University  of  Missouri,  Rolla,  Missouri 


INTRODUCTION 


For  stiffness-limited  applications,  the  most  efficient 
utilization  of  high  modulus,  discontinuous  reinforcements  in  a 
composite  material  is  obtained  when  the  fibers  are  aligned 
parallel  to  a  principal  axis  (1).  However,  one  cf  the  major 
shortcomings  in  the  field  of  advanced  composite  materials  is 
the  absence  of  methods  to  package  short  stiff  fibers  in 
collimated  form  for  processing  at  a  later  time.  In  particular, 
utilization  of  minute  single  crystalline  whiskers  (2)  demands 
their  availability  in  a  form  which  minimizes  handling.  Presently 
a  sheet  material  is  available  (3)  which  contains  aligned,  dis¬ 
continuous  fibers  in  a  partially  cured  tnermoset  resin.  The  high 
degree  of  alignment  is  maintained  during  the  final  shaping  and 
curing  of  the  sheet.  However,  there  continues  to  be  a  requirement 
for  a  resin-free  package,  such  as  yarn  of  axially  oriented  fibers, 
suitable  for  filament  winding  and  related  composite  fabrication 
procedures . 

Processes  to  form  a  filament  of  aligned  fibrils  embedded 
within  a  carrier  medium  were  developed  concurrently  by  Parratt  (4) 
and  Schicrding  and  Deex  (5) .  However,  in  each  case  when  the 
medium  was  removed,  the  filament  had  minimal  handling  strength  and 
required  immediate  penetration  with  the  matrix  material.  Attempts 
(6,7)  to  modify  conventional  textile  processes  to  spin  whisker  yarn 
provided  the  impetus  in  this  laboratory  to  use  vortex  spinning 
to  form  yarn.  A  method  was  developed  (8) ,  similar  in  principle 


to  that  described  by  Strang  (9)  for  textile  yarns,  to  spin 
integral  mixtures  of  high  modulus  fibers  entrapped  among  textile 
(binder)  fibers.  The  vortex  spinning  device  is  based  on  the 
principle  that  discontinuous  fibers  can  be  helically  twisted 
into  a  yarn  from  the  vortex  created  at  the  fixed  tube- rotating 
junction  of  the  spinning  assembly.  The  main  advantage  of  this 
type  of  formation  is  that  no  seeding  is  needed  to  start  the  yarn. 

In  this  process,  as  well  as  any  other  fluid  vortex  spinning  pro¬ 
cess,  a  false  twist  is  imparted  to  the  yarn  by  an  axial  gradient 
or  gradient  in  the  angular  velocity  along  the  tube  axis  .  This 
occurs  because  the  initial  rotation  reference  of  the  fiber  is  also 
the  final  rotation  reference.  Details  of  reverse  or  false  twist 
are  described  in  the  Appendix. 

The  yarn  spun  with  the  original  device  did  exhibit  two  major 
disadvantages  with  respect  to  its  use  as  a  reinforcing  phase  in 
composite  materials.  First,  the  high  modulus  fibers  were  mixed 
with  low  modulus  fibers,  e.g.,  synthetic  textile  fibers,  which 
restricted  the  volume  loadinq  of  the  high  modulus  component. 

Second,  while  the  yarn  was  essentially  uniaxial,  all  the  fibers 
were  twisted,  and  thus,  there  was  a  large  angle  between  the  fibers 
and  the  principal  yarn  direction. 

In  this  report  the  modified  device  and  the  spinning  results 
obtained  with  this  apparatus  are  described.  The  yarns  consisted  of 
an  axially  oriented  core  of  high  modulus  short  fibers  wrapped  with 
the  same  or  lower  modulus  discontinuous  fibers.  Fiber  reinforced 
composites  were  formed  and  tested  using  the  spun  yarn  as  the 


reinforcing  phase. 


EXPERIMENTAL 

A  complete  description  of  the  single  slurry,  fixed  tube- 
rotating  tube  vortex  spinner  was  reported  previously  (8)  . 

Using  that  device  a  two-component  yarn  was  formed  consisting 
of  an  integral  mixture  of  high  and  low  modulus  twisted  fibers. 

Here  modifications  to  that  apparatus  are  described  for  the 
spinning  of  a  yarn  with  a  core  of  aligned  high  strength,  high 
modulus  fibers  helically  wrapped  with  a  thin  outer  layer  of  fibers. 
In  the  modified  device  the*  single  slurry  was  replaced  with  separate 
scarries  for  the  core  fibers  and  the  outer  wrapping  fibers. 

A  sketch  and  photographs  of  the  modified  apparatus  are  shown 
in  Figs.  1-3. 

Stainless  steel  tanks  with  1800  ml  capacities  were  used 
to  contain  the  slurries.  The  tanks  were  similar  to  the  one  used 
with  the  single  slurry  device.  A  stainless  steel  tube  (d  =  3/8") 
with  a  converging  conical  entrance  extended  into  each 
tank  from  the  top  to  within  1/2"  of  the  bottom.  The  tube  for 
each  tank  was  an  integral  part  of  the  lid  which  bolted  onto 
the  tank;  an  O-ring  was  used  to  provide  a  seal  for  pressurizing 
each  tank.  Each  tube,  equipped  with  ball  values,  led  to  a 
spinning  head  where  the  fibers  were  combined  into  their  relative 
radial  positions  by  a  concentric  tube  arrangement. 


The  assembly  was  oriented  vertically  to  eliminate 
gravitational  effects  on  the  spinning  process.  Flow  was 
initiated  by  controlling  the  pressure  in  each  slurry  tank  with 
nitrogen  pressure  (0-110)  psi) .  The  rotating  tube  speed  was 
controlled  over  the  range  600-3600  rpm  by  a  motor-controller 
(Electrocraft ,  model  E-600) . 

Spinning  Heads 

The  positioning  of  the  fibers  from  each  slurry  into  the 
fixed  tube  of  the  spinning  assembly  was  the  most  important  design 
consideration  for  the  modified  device.  The  main  criterion  was 
that  the  fibers  be  arranged  such  that  at  the  fixed  tube-rotating 
tube  junction,  a  composite  yarn  could  be  spun  comprising  a  core 
section  of  axially  aligned  fibers  and  an  annular  section  of 
wrapping  fibers.  The  section  of  the  spinning  apparatus  where  the 
two  slurries  were  combined  is  referred  to  as  the  spinning  head. 

Two  spinning  heads  were  designed  to  evaluate  different 
methods  of  joininrr  the  tubes  used  to  transport  the  fibers  from 
the  two  slurry  tanks.  The  flow  at  the  region  that  the  core  and 
wrapping  fiber  slurries  were  combined  within  the  spinning  head 
was  markedly  affected  by  the  design  features.  In  both  designs 
one  of  the  transport  tubes  was  fixed  vertically  throughout  the 
entire  assembly  and  aligned  with  the  fixed  tube-rotating  tube 
junction;  the  other  tube  was  introduced  through  the  side  of  the 
spinning  head. 


The  first  spinning  head  (No.  1)  is  shown  in  Fig.  4.  The 
core  fibers  flowed  through  the  vertical  tube  to  the  spinning 
head  «^d  the  wrapping  fibers  flowed  into  the  annular  region 
throe  ,.he  side  tube.  The  second  spinning  head  (No.  2), 
shown  in  Fig.  5,  was  designed  so  that  the  wrapping  fiber  slurry 
would  flow  in  the  vertical  path,  and  the  core  fiber  tube  was 
introduced  through  the  wall  of  the  annular  region.  The  core 
tube  was  curved  to  a  vertical  position  and  centered  in  lire  with 
the  fixed  tube-rotating  tube  junction. 

Comparison  of  the  two  heads  in  operation  indicated  that 
the  No.  2  head  design  was  superior.  The  main  limitation  with 
No.  1  was  that  the  wrapping  fibers  often  caught  on  the  center 
tube  and  plugged  the  area,  For  all  of  the  experimental  spinning 
results  reported  here,  the  No.  2  head  was  used. 

In  the  No.  2  head  the  core  tube  was  made  of  standard  1/4" 
stainless  steel  tubing  and  the  annular  casing  was  5/8"  stainless 
tubing  with  a  1/16"  wall.  The  inlet  to  the  spinning  head  was 
standard  3/8"  stainless  tubing.  The  original  barrel  was  1  1/8" 
long;  it  converged  from  an  outer  diameter  (OD)  of  5/8"  to  0.403", 
and  included  a  1/4"  inner  diameter  (ID)  straight  section  5/8"  long. 

In  the  initial  experiments  with  the  No.  2  head  excellent 
quality  2-component  yarn  was  formed  with  a  well-wrapped  axially 
aligned  core  of  fibers.  However,  very  close  control  of  the 
spinning  speed  and  the  flow  rates  was  required.  When 
the  ratio  of  core  and  wrapping  fiber  concentrations  was  varied, 
a  yarn  could  be  spun,  but  on  occasion  it  extended  back  through 


the  barrel  i\to  the  annular  region,  and  caught  on  the  center 
tube  and  converging  wall.  The  yarn  generally  broke  when  this 
occurred.  During  the  initial  trial  experiments  with  the  No.  2 
head  and  the  original  barrel,  maximum  lengths  of  10  to  15  feet 
were  formed  prior  to  yarn  breakage. 

To  eliminate  the  breakage  problem,  the  No.  2  head  was 
altered  to  extend  the  spinning  zone  away  from  the  region  the 
fibers  were  combined  within  the  head. 

The  barrel  was  extended  by  joining  the  same  basic  con¬ 
verging  section  of  the  original  barrel  to  a  2  1/2"  tube.  The 
effect  of  diameter  was  also  investigated,  using  5/32"  and  13/64" 
tubes  (barrels  A  and  B,  respectively);  the  modified  barrels  are 
also  shown  in  Fig.  5.  Tests  using  both  barrels  were,  successful 
and  continuous  spinning  was  readily  obtained.  Whereas  the  degree 
of  wrapping  of  the  outer  fibers  around  the  core  fibers  was  not  as 
great  as  that  obtained  with  the  short  barrel,  continuous  spinning 
was  possible  with  the  longer  barrels.  In  the  original  barrel, 
the  outer  fibers  approached  the  core  fibers  from  a  non-axial 
position  and  were  simultaneously  twisted.  From  the  point  of 
view  of  wrapping  this  design  consideration  was  superior. 


Spinning  Tube  Assemblies 

During  the  experimental  investigation  with  various 
combinations  of  core  and  wrapping  fibers,  it  was  necessary 
to  change  the  diameter  of  the  spinning  tubes  in  order  to  form 
continuous  yarn.  Two  of  the  tubes  employed  were  glass  with 
inner  diameters  (ID)  of  4mm  and  6mm.  In  addition,  a  stainless 
steel  tube  was  used  with  an  ID  of  13/64"  (5mm) .  When  these 
three  tubes  were  combined  with  the  various  barrels  for  the  No, 2 
head,  there  was  a  total  of  seven  spinning  assemblies  (A  to  G) . 

The  spinning  tube  assemblies  are  described  in  Table  1. 

Slurry  Preparation 

Totally  dispersed  fiber  slurries  were  required  for  the 
spinning  of  yarn.  In  Table  2  the  fibers  used  in  this  work  are 
listed,  with  their  corresponding  average  diameters;  glass,  graphite, 
and  silicon  carbide  whiskers  were  the  high  modulus  fibers  and 
^crilan  and  rayon  were  the  low  modulus  synthetic  fibers.  The 
suspending  fluid  for  all  of  the  slurries  was  corn  syrup  (CS) , 
with  viscosities  in  the  range  100  to  18,000  poise  at  25°C.  The 
fluids  are  described  in  Table  2  according  to  the  manufacturer's 
code  numbers  and  the  viscosities.  Intermediate  viscosities  could  be 
obtained  by  boiling  the  Ijw  viscosity  fluids,  by  mixing  two  types 
or  by  temperature  variation. 

The  techniques  for  dispersing  high  and  low  modulus  fibers, 
described  previously  in  the  report  on  the  single  slurry  device, 
were  applicable  here.  Glass  fiLor/corn  syrup  mixtures  were 
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dispersed  by  rotating  a  Teflon  cylinder  (length  =  5",  diameter 

-  2")  in  a  2000  ml  beaker  containing  the  slurry.  However,  this 
method  did  not  provide  100%  dispersion  if  the  viscosity  was 
very  high.  Also,  the  Weissenberg  effect  (10)  was  encountered  on 
several  occasicr.3  with  the  slurries  climbing  the  rotating  shaft. 
The  technique  for  dispersing  lower  modulus  fibers  was  an  extension 

—  compression  kneading  type  stroking  action  of  the  Teflon 
cylinder.  It  was  also  used  for  dispersing  some  of  the  high 
modulus  fiber  slurries.  Fiber  length  for  the  glass  and  synthetic 
fibers  was  generally  1/2"  or  3/4".  A  complete  list  of  the 
slurries  prepared  in  this  investigation  is  presented  in  Table  3. 
The  dispersion  techniques  are  described  as  rotation  and  stroking 
for  the  former  and  latter  techniques,  respectively.  A  few 
silicon  carbide  whxsker  slurries  were  prepared  from  a  limited 
quantity  of  the  crystalline  material.  Details  are  presented  in 
the  Experimental  Results  section.  A  single  graphite  fiber  slurry 
(CS-3)  was  prepared  and  the  fiber  length  decreased  from  3/4"  to 
less  tnan  1/8"  during  the  dispersing  step.  As  a  result,  experi¬ 
ments  with  graphite  were  n  t  continued. 

EXPERIMENTAL  RESULTS 
Yarn  Formation 

The  conditions  for  spinning  core  and  wrapping  fibers  into  a 
yarn  with  the  modified  two-slurry  device  were  determined  from  four 
yarn  parameters  used  to  assess  the  spinning.  They  warn  the  dogree 
of  twist  of  the  wrapping  fibers,  the  yarn  diameter  jiuJ  ntrongth, 
the  volume  concentration  of  the  two  components,  and  t ho  distribu¬ 
tion  of  the  component  fibers  in  the  yarn. 
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In  Table  4  a  complete  summary  of  the  spinning  experiments 
is  presented,  and  each  is  described  by  a  "Spinning  Number". 

The  process  variables  specified  in  Table  4  include  the  rotating 
tube  speed,  the  slurry  flow  rates  (specified  by  pressure  in 
the  core  [C]  and  wrapping  [W]  fiber  slurry  tanks) ,  the  take-up 
velocity,  and  in  addition,  the  spinning  assembly  used. 

For  each  spinning  experiment  the  wrapping-fiber  and  core-fiber 
slurry  Timbers  are  specified  (details  are  listed  in  Table  3) ; 
also,  the  wrapping  and  core  fibers  are  listed.  For  some 
of  the  experiments  listed  in  Table  4,  only  the  wrapping 
fiber  slurry  was  used;  in  those  cases  a  pressure  value  is  in¬ 
dicated  only  for  the  wrapping  fiber  slurry  (W) . 

The  initial  experiments  with  the  modified  device  were 
carried  out  to  test  the  wrapping  fiber  slurry  portion  of  the 
apparatus.  The  spinning  with  this  one  tube  was  very  similar 
to  the  spinning  experiments  reported  earlier  with  the  single 
slurry  device  (8).  One-component  and  an  integral  mixture  of 
two-component  yarn  was  spun  using  the  wrappinc  slurry  tank. 

In  the  previous  work  Acrilan  was  used  as  the  synthetic  carrier 
fiber  since  it  was  generally  unaffected  by  water  or  corn  syrup 
in  the  temperature  range  of  interest  (25°C-60°C) .  Spinning 
experiments  CS-1,  CS-2  and  CS-4 , using  Acrilan,  Acrilan-glass ,  and 

Acrilan —  8-Silicon  Carbide  Whisker  fibers,  respectively,  duplicated 
results  obtained  earlier. 
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The  ultimate  purpose  for  spinning  a  yarn  with  core  fibers 
and  outer  wrapping  fibers  was  to  utilize  the  aligned  core  of 
high-strength,  high-stiffness  fibers  as  the  reinforcing  phase 
for  composite  materials.  To  obtain  maximum  reinforcement,  the 
yarn  with  synthetic  wrapping  fibers  was  to  be  chaired,  with 
the  carrier  fibers  volatilized.  Burn-off  experiments  with 
Acrilan-glass  mixtures  demonstrated  that  during  volatilization 
thexo  was  severe  curling  and  shrinkage  of  Acrilan.  Thus,  core 
fibers  could  not  be  maintained  in  a  high  degre  of  alignment 
when  a  burn-off  of  Acrilan  was  required. 

Rayon  was  selected  as  an  alternate  carrier  fiber  since  it 
does  not  shrink  during  volatilization  at  600°C.  Rayon  has  a 
very  large  water  absorption  coefficient,  compared  to  Acrilan, 
which  caused  a  viscosity  increase  in  the  corn  syrup  and  a 
resulting  change  in  fiber  properties.  Fortisan  and  triacetate 
rayon,  as  described  in  Table  2,  were  used;  the  performance  of 
the  triacetate  as  a  wrapping  fiber  was  superior  to  that  of  the 
Fortisan  rayon. 

The  requirement  of  different  spinning  assemblies  for  the 
various  fibers  arose  during  attempts  to  spin  one-component  Fortisan 
rayon  yarn  (CS-5  thru  CS-11,  excluding  CS-7) .  High  quality  Fortisan 

rayon  was  spun  after  determination  of  a  suitable  combination  of 
components  for  the  assembly.  Triacetate  rayon  was  successfully 
spun  (CS-18)  at  higher  fiber  concentrations  than  Fortisan  rayon 
because  of  the  lower  water  absorption. 
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V*.  ,;y  small  diameter  8  E-glass  fiber  without  a  textile 
carrier  *  ber  was  readily  spun  (CS-7,  PY-15  and  PY-23)  into  a 
one  component  twisted  yarn  from  the  wrapping  slurry  tank.  In 
Fig.  &  a  mat  of  glass  is  snown  which  had  been  spun  (PY-23) , 
rinsed  with  water  to  remove  the  corn  syrup,  and  drawn  onto  a 
take-up  drum.  Later  it  was  layered,  cut  and  removed  in  mat  form. 
Higher  manigification  of  the  same  mat  is  shown  in  Fig.  7;  the 
solid  circle  in  the  picture  is  a  1/4"  dot. 

Strand®  of  spun  yarn  (PY-23  and  PY-15)  are  shown  in  Fig.  8  to 
demonstrate  the  degree  of  twist  possible  with  the  wrapping  fiber 
slurry  tank.  These  results  completed  the  preliminary  evaluation 
of  yarn  formed  using  only  the  wrapping  fiber  slurry  tank  of  the 
modified  apparatus. 

Operation  of  the  entire  two-slurry  apparatus  was  demonstrated 
initially  with  yarn  spun  of  chopped  E  glass  fibers  as  the  core  and 
Acrilan  wrapping  fibers  (CS-13) .  The  use  of  Acrilan  as  a  wrapping 
fiber  was  limited  to  initial  trial  experiments  with  the  two-slurry 
tanks  since  yarn  with  an  Acrilan  component  did  not  qualify  for  use 
in  composites.  The  first  continuous  spinning  of  glass  and  triacetate 
rayon  was  reaciily  achieved  (CS-16)  on  the  basis  of  the  experience 
obtained  from  spinning  with  a  single  slurry  tank.  For  the  CS-16 
yarn,  the  volume  fraction  of  glass  fiber  was  0.11  (the  volume  fraction 
of  core  fiber  conta  ned  in  most  two-component  yarn  was  determined 
and  the  values  are  listed  in  Table  5) .  In  Fig.  9  the  appearance  of 
glass  and  triacetate  rayon  wound  on  drums  is  shown  for  yarns  PY-1  and 
PY-27.  Also  shown  in  Fig.  9  are  three  one-component  yarns  spun  from 
the  wrapping  slurry  fiber  tank  and  wound  on  drums:  Fortisan  rayon, 
Acrilan  and  glass,  as  denoted  by  the  spinning  numbers  CS-9,  CS-12 
and  PY-15,  respectively. 
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In  the  experiments  carried  out  with  glass  as  the  core 
fiber  and  triacetate  rayon  as  the  wrapping  fiber  (CS-14,  CS-16, 
CS-17,  CS-21,  PY-1  to  PY-14,  PY  24  to  PY-27 ),  spinning  assemblies 
D,  E  and  G  (see  Table  1  for  details)  were  used.  Continuous  yarn 
could  be  spun  provided  a  critical  concentration  for  each  slurry 
was  not  exceeded.  These  concentrations  were:  [18g  glass/1400  ml 
of  i027  corn  syrup],  and  [18g  rayon/1400  ml  of  1621  corn  syrup]. 
The  viscosities  (n )  of  the  fluids  in  the  two  slurry  tanks  was 
varied  in  the  series  of  glass-triace tate  rayon  experiments,  and 
the  results  indicated  that  the  most  reliable  spinning  was  obtained 
when  n  (core)  >  n  (wrapping)  by  one  to  two  orders  of  magnitude. 
Also,  the  pressure,  which  controlled  the  flow  of  fibers  from 
each  tank,  was  systematically  varied  and  an  aligned  core  was 
obtained  only  when  the  flow  of  fibers  in  the  annular  region 
exceeded  the  flow  through  the  center  tube. 

The  yarn  represented  by  PY-26  was  spun  of  glass  and  tri¬ 
acetate  rayon  with  all  the  process  variables  optimized  on  the 
basis  of  previous  spinning  experiments.  The  fiber  slurry  (GS-11) 
was  a  combination  of  S-glass  and  the  red  E-glass  at  the  critical 
concentration  for  the  1027  fluid.  The  triacetate  rayon  slurry 
(CS-27)  was  also  at  the  critical  concentration  for  the  1631  fluid. 
This  particular  yarn  contained  the  highest  volume  fraction  of 
core  fibers  achieved  with  the  two  slurry  apparatus.  The  process 
conditions  for  this  particular  yarn  were:  rotating  tube  speed, 

860  rpm;  yarn  take-up  velocity,  0.45  in/sec;  and  slurry  tank 
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pressures,  C  =  75  psi,  W  =  50  psi.  Photographs  of  the  PY-26 
yarn  are  shown  in  Fig.  10.  In  yarn  PY-12  the  red  E-glass  and 
triacetate  rayon  were  combined  in  nearly  the  same  combination 
as  the  glass-triacetate  rayon  yarn  PY-26.  However,  the  process 
conditions  used  were  different,  and  yarn  PY-12  had  substantially 
different  twist  characteristics  and  a  glass  volume  fraction  of 
only  0.06.  Two  photographs  of  yarn  PY-12  are  shown  in  Fig.  11. 

The  synthetic  component  of  a  glass  and  triacetate  rayon 
fiber  yarn  was  removed  by  a  burn-off  at  600°C.  The  volatilization 
did  not  distu.  b  the  core  fiber  alignment.  In  Fig.  12  photographs 
are  shown  of  strands  from  two  glass  yarns  (PY-1  and  PY-9)  after 
burn-off  of  the  triacetate  rayon  component. 

Although  the  apparatus  was  designed  to  spin  a  yarn  with  high 
modulus  core  fibers  and  lower  modulus  wrapping  fibers,  yarn  was 
successfully  spun  (PY-16  to  PY-21)  with  chopped  E-glass  fibers 
as  the  core  and  smaller  diameter  3  E-glass  as  the  wrapping  fibers. 
The  experiments  were  initiated  for  two  reasons:  first,  3  E-glass 
was  easily  spun  into  yarn  using  the  wrapping  slurry  tank  as 
described  above,  and  second,  the  degree  of  wrapping  fiber  twist 
could  be  controlled  at  a  minimum  level.  Glass-glass  combinations 
were  spun  with  negligible  twist  in  the  wrapping  fibers  (PY-20) ;  a 
portion  of  the  PY-20  yarn  in  mat  form  is  shown  in  Fig.  13. 
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I n(  core  consisted  of  red  E-glass  fibers  which  appear  as 
taint  horizontal  streaks  in  combination  with  the  unstained 

outt r  glass  fibers.  Two  examples  of  glass-glass  yarn 

with  a  high  degree  of  wrapping  fiber  twist  are  shown  in  Fig.  14, 

corresponding  to  yarn  PY-17  and  PY-21.  These  100%  glass  yarns 
were  suitable  for  direct  impregnation  with  a  thermosetting  resin, 
followed  by  curing  to  a  rigid  reinforced  polymer  composite. 

The  glass  experiments  were  followed  by  a:,  attempt  to  form 
a  yarn  of  long  staple  8-silicon  carbide  whiskers  without  wrapping 
fibers.  A  slurry  containing  6.5  gm  of  silicon  carbide  whiskers 
was  used,  and  a  yarn  war,  spun  which  demonstrated  that  the  few 
long  whiskers  >  0.25  in)  would  twist  into  a  yarn.  However, 
the  strand  was  too  weak  to  evaluate.  Observation  under  a  micro¬ 
scope  showed  that  there  was  an  aligned  core  with  an  outer  "fuzz" 
of  small  whisker  filaments.  However,  yarns  were  formed  with  the 
silicon  carbide  whiskers  in  the  core  and  triacetate  rayon  as 
wrapping  fibers  (CS-19  and  CS-20) .  A  single  experiment  with 
partial  success  was  carried  out  with  silicon  carbide  whiskers  as 
the  core,  wrapped  with  8  E-  glass.  The  experiments  with  silicon 
carbide  whiskers  were  limited  because  of  a  minimum  supply  of 
whiskers  with  aspect  ratios  greater  than  25. 
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Formation  of  Fiber/Polymer  Composites 

Fiber  reinforced  composites  were  formed  by  cutting  a  mat 
of  yarn  to  4"  x  8",  impregnating  with  epoxy  (Shell's  Epon  828 
and  curing  agent  "Z" )  ,  and  curing  under  pressure  in  a  positive 
pressure  mold.  Test  specimens  were  cut  from  the  sheets  and 
mechanical  properties  determined  with  an  Instron  tester.  An 
example  of  the  composite  formation  process  is  described  as 
follows:  Yarn  (PY-19)  with  glass  core  fibers  and  glass  wrapping 
fibers  which  had  been  wound  on  a  drum,  were  cut  and  removed  as 
a  mat;  removal  of  the  corn  syrup  was  completed  by  careful  washing 
and  heating;  the  fibers  and  resin  were  combined  by  vacuum  im¬ 
pregnation  with  resin.  Average  properties  are  listed  in  Table  6. 
Yarn  with  a  glass  core  and  triacetate  wrapping  fibers  was  also 
used  in  the  formation  of  composites.  The  composites  were  made 
with  and  without  the  triacetate  rayon  removed.  The  mechanical 
property  data  for  these  composites  are  also  lsited  in  Table  6. 

One  of  the  most  important  variables  affecting  the  mechanical 
properties  of  discontinuous  fiber  reinforced  composites  is  the 
orientation  distribution  of  the  fibers  (11) .  The  distribution 
in  the  composite  formed  with  the  PY-19  yarn  was  determined  using 
a  techni  described  in  detail  by  Goettler  (12) .  The  resulting 
orientation  distribution  is  given  in  Table  7. 
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DISCUSSION 

The  results  presented  in  Table  4  demonstrated  that  the 
two-slurry  vortex  apparatus  provided  a  method  of  spinning  yarn 
with  an  aligned  core  of  discontinuous  high  modulus  fibers  wrapped 
with  synthetic  fibers  such  as  triacetate  rayon,  or  small  diameter 
glass  fibers.  The  yarn  can  be  readily  reduced  to  a  mat  of 
aligned  core  fibers  by  volatilizing  the  synthetic  fibers.  However, 

ne  formation  of  yarn  was  very  dependent  on  the  conditions  for  the 
process  and  material  variables,  particularly  the  relative  flow 
rate  of  the  slurries  and  the  relative  viscosity  of  the  suspending 
fluids  in  the  two  tanks.  A  requirement  that  the  flow  rate  of  the 
fibers  in  the  annular  region  exceed  the  flow  rate  of  the  core 
fibers  was  deduced  after  "puffs"  of  core  fibers  in  yarn  appeared 
regularly  when  the  flow  rate  of  the  two  suspensions  was  about  equal. 
An  example  of  "puffs"  is  shown  in  Fig,  15  for  a  yarn  of  glass  fiber 
and  triacetate  rayon  fiber  (PY-14) .  During  the  spinning  of  that 
yarn  the  ratio  of  wrapping  fiber  flow  rate  (pressure)  to  core 
fiber  flow  rate  was  varied  between  1.0  and  2.0;  the  "puffs"  occurred 
whenever  the  ratio  approached  1.0.  The  variation  of  fluid  vis¬ 
cosity  in  the  two  tanks  indicated  that  a  much  higher  viscosity 
was  preferred  for  the  core  fiber  slurry  relative  to  the  wrapping 
fiber  slurry.  The  principal  evidence  was  an  observation  that 

the  core  fibers  were  held  as  a  unit  during  spinning  when  the 

,  ,  1  2 
viscosity  ratio  was  between  10  and  10  ,  The  high  viscosity 
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^ore  slurry  could  not  twist  at  the  fixed  tube-rotating  tube 
junction;  however,  the  motion  of  the  wrapping  fibers  was  not 
restricted,  and  they  twisted  helically  due  to  the  axial 
vorticity  gradient. 

As  indicated  in  the  experimental  section,  the  final  design 
of  the  spinning  head  was  a  compromise  in  order  to  continuously 
spin  two-component  yarn.  During  the  final  design  adjustments 
the  following  was  observed:  first,  the  twist  of  the  wrapping 
fibers  was  more  easily  controlled  when  the  annular  slurry 
approached  the  core  slurry  (center  axis)  concentrically  in  a 
non-axial  direction;  second,  whenever  the  two  slurries  emerged 
from  the  spinning  head  in  a  non-concentric  pattern,  the  intended 
core  fibers  formed  a  helix  on  the  annular  slurry;  third,  the 
required  flow  rates  were  a  function  of  the  spinning  head  barrel 
length, and  in  turn,  the  ratio  of  flow  rates  determined  the 
concentration  of  the  two  components . 

The  mechanical  property  values  listed  in  Table  6  are  slightly 
higher  than  properties  in  the  literature  (13)  for  comparable 
aligned  3hort  glass  fiber/epoxy  composites  formed  by  extrusion. 
However,  the  orientation  distribution  of  the  reinforcing  phase 
was  broad  for  the  composites  prepared  with  yarn,  and  thus,  lower 
levels  of  mechanical  properties  would  be  anticipated.  Although 
the  formation  of  the  yarn  provided  a  very  uniform  overlapping  of 
the  single  dispersed  fibers,  the  number  of  experiments  was  not 
sufficient  to  evaluate  the  effect  of  fiber  distribution  in  the 
yarn  with  mechanical  properties. 
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CONCLUSIONS 

A  two-slurry  vortex  spinning  device  was  designed  and 
demonstrated  with  the  formation  of  a  two  component  yarn.  Hydro- 
dynamic  forces,  produced  by  an  axial  vorticity  gradient  in  the 
Spinning  tube,  twisted  discontinuous  fibers  into  a  yarn  with  an 
axial  core  of  high  modulus  fibers  (glass  and  whiskers)  and 
peripheral  fibers  of  the  same  or  lower  modulus  (glass  or  synthetic 
textile  fibers).  To  form  the  yarn,  two  slurries  of  nominally 
the  same  concentration  (0.5  to  1.0%)  were  used.  Spinning  problems 
and  core -fiber  damage  were  minimized  when  the  viscosity  of  the 
core -fiber  slurry  was  maintained  one  to  two  orders  of  magnitude 
higher  than  the  annular  slurry.  The  slurries  were  introduced 
into  the  spinning  zone  through  a  Spinning  head  which  positioned 
the  fibers.  The  design  of  the  spinning  head  required  that  the 
annular  flow  exceed  the  core  flow,  and  it  provided  adequate 
wrapping  of  the  core  fibers  by  the  peripheral  fibers. 

The  maximum  volume  fraction  of  glass  in  a  two-component 
yarn  of  glass  with  synthetic  fibers  was  0.36.  However,  100% 
glass  yarn  was  spun  when  both  the  core  fiber  slurry  and  wrapping 
fiber  slurry  con  .ained  glass.  Triacetate  rayon  fibers  were  easily 
removed  from  a  two-component  yarn  and  the  remaining  core  fibers 
exhibited  a  very  high  degree  of  alignment.  A  limited  supply  of 
lonq  staple  3-silicon  carbide  whiskers  was  used  to  demonstrate 
that  very  high  modulus,  small  diameter  fibrils  can  be  spun  into 


a  yarn. 
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Composites  were  molded  with  a  thermosetting  matrix  using 
the  following  yarn  compositions  as  the  reinforcing  phase:  glass 
as  the  core  combined  with  glass  wrapping  fibers;  glass  in  the 
aligned  core  position  (with  the  triacetate  rayon  removed) ;  glass 
in  the  core  position  combined  with  triacetate  rayon  wrapping 
fibers.  The  mechanical  properties  of  the  composites  were  com¬ 
parable  to  values  obtained  with  extruded  short  glass  fiber 
composites . 
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APPENDIX 

Reverse  or  False  Twist 

In  a  vortex  tube  spinning  apparatus,  twist  is  imparted 
by  means  of  an  axial  vorticity  gradient  or  gradient  of  the 
angular  velocity  along  the  tube  axis.  Therefore,  a  false 
twist  must  te  present  in  the  spinning  process.  This  is  true 
since  the  initial  rotation  reference  of  the  fibers  is  also 
the  final  rotation  reference  unless  elaborate  equipment  is 
utilized  to  change  the  rotation  of  one  of  these  reference 
rotations,  e.g. ,  a  take-up  system  that  rotates  at  the  tube 
speed . 

The  reverse  twist  produced  by  a  vortex  spinning  assembly 
can  be  analyzed  as  follows:  Consider  a  straight  line  passing 
through  points  P  and  Q  with  a  velocity  V.  The  line  has  zero 
rotation  at  P  and  a  rotation  rate  N  at  Q. 


Er- 


N 


Determination  is  now  made  of  the  rotation  rate  of  a 
non-fixed  point  at  x  on  the  line  which  is  rotating  at  N(x) 
and  advancing  at  the  velocity  V  with  the  conditions  that  the 
rotation  at  one  end  is  zero  and  at  the  other  is  a  constant. 


N  (x)  -  N(x/*) 
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The  total  twist  imparted  to  the  line  in  going  from  Q  to  P 
is  determined  by  first  establishing  the  change  in  the  number 
of  revolutions,  R,  with  respect  to  x: 

dR  =  N  x/e  dt  -  N  x/l 


but 


V 


dx 
■  cTE 


Therefore , 


dR  = 


Nx 

"  rv 


dx 


Integration  between  Q  and  P  gives  the  total  number  of 
revolutions  imparted  to  the  line  or  the  total  twist  in  going 
from  Q  to  F. 

*  -  j  i  dx 
l 


or 

R  *  twist 

Thus,  the  reversed  twist  is  directly  proportional  to  the 
reversing  rotation  N  and  the  disiaf.  i  to  the  non-rotating 
state  l ,  and  inversely  proportional  to  the  velocity  of  the 
moving  line  or  yarn. 

The  creation  of  twist  initially  to  produce  a  yarn  may  be 
visualized  by  inverting  the  sketch.  For  such  a  case,  the  yarn 
goes  from  a  stationary  rotation  reference  to  a  rotating  reference. 


TABLE  1:  Spinning  Tube  Assemblies 


TITLE  DESCRIPTION 


A 

4  mm  ID 

straight  ti  ough  glass  spinning  tube 

B 

6  mm  ID 

straight  through  glass  spinning  tube 

C 

6  mm  ID 

glass  tube  with  short  barrel  of  No.  2 
spinning  head 

D 

13/64" 

(5mm)  ID 

stainless  steel  spinning  tube  with 
short  barrel  of  No.  2  spinning  head 

E 

13/64"  ID 

stainless  steel  spinning  tube  with 

2"  section  soldered  to  short  barrel 
of  No.  2  spinning  head. 

F 

13/64"  ID 

stainless  steel  spinning  tube  with 
barrel  "A"  of  No.  2  spinning  head. 

G 

13/64"  ID 

stainless  steel  spinning  tube  with  barrel 
"B  of  No.  2  spinning  head. 

*Spinning 

tube  length 

=  6". 

TABLE  2:  Fibers 


Average  Diameter 


Fiber 

mm 

mils (10- 

Beta  (0)  E-glass 

(Owens  Corning  Fiberglass  Corp.) 

0.004 

0.16 

S-glass  (Ferro  Corp.) 

0.010 

0.41 

E-glass  [Red]  (Gustin  Bacon) 

0.013 

0.50 

E-glass  (Johns  Manville,  CS  308A) 

0.013 

0.51 

Graphite  (Union  Carbide,  WYF  130-1/2 
Thornel  50) 

.007 

0.24 

3-Silicon  Carbide  Whiskers  (General 
Technologies  Corporation,  5A) 

.001 

0.06 

Fortisan  Rayon  (Celanese) 

0.009 

0.36 

Triacetate  Rayon  (Celanese) 

0.024 

0.94 

Acrilan  57A  (Monsanto) 

0 . 018- . 019 

0.70-0.75 

Code  Number 
1621 
1631 


Corn  Products  Corn  Syrup  Fluids 


Viscosity 
100  -  150  poise 


1027 


350 

18,000 
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TABLE  5 


VOLUME  CONCENTRATION  OF  GLASS  IN  YARN 


Yarn  Volume  Fraction  Glass 


CS-16 

0.11 

CS-21  +  GS-2  I 

0.23 

CS-21  +  GS-2  #1 

0.30 

CS-21  +  GS-2  #2 

0.23 

CS-21  +  GS-2  #3 

0.21 

PY-1 

0.13 

PY-2 

0.09 

PY-3 

0.06 

PY-4 

0.08 

PY-5 

0.08 

PY-6 

0.12 

PY-7 

0.15 

PY-8 

0.03 

PY-9 

0.15 

PY-10 

0.18 

PY-11 

0.10 

PY-1 2 

0.06 

PY-13 

0.09 

PY-1 4 

0.12 

PY-2  4 

0.08 

PY-25 

0.11 

PY-26 

0.36 

PY-27 

0.15 

TABLE  6.  Mechanical  Properties  of  Molded  Composites 


Yarn 

Volume  Fraction 
Fiber  in  r’om  ,osite 

Modulus 

Tensile 

U06psi) 

Flexural 

Strength (103psi) 
Tensile  Flexural 

?Y-19 

0.38 

3.0 

64.5 

PY-26 

(with  textile  yarn) 

0.30 

3.1 

42.7 

E  glass 

(rayon  removed) 

0.19 

1.6 

27.1 

E  glass 

(rayon  removed) 

0.22 

1.8 

29.1 

TABLE  7 


ORIENTATION  OP  GLASS  FIBERS  IN  MOLDED  COMPOSITE 


YARN:  PY19 
FIBER:  Glass 
MATRIX:  Epoxy 


Angle  (Degrees  off  Axis)  %  Orientation* 


0-5 

12.5 

6-10 

10 

11-15 

12 

16-20 

11.6 

21-25 

10 

26-30 

9 

31-35 

7.7 

36-40 

3.3 

41-45 

4.2 

46-50 

2.4 

51-55 

3.9 

56-60 

2.2 

61-65 

3.4 

66-70 

1.5 

71-75 

2.9 

76-80 

1.7 

81-85 

0.7 

86-90 

1.0 

*408  particles  counted. 


FIGURE  LEGENDS 


Fig.  1  Schematic  of  Open-end  composite  spinning  apparatus 

Fig.  2  Two-slurry  Vortex  tube  Spinning  assembly 

Fig.  3  Close-up  of  Spinning  assembly  and  the  No.  2  Spinning  head 

Fig.  4  Spinning  head  No.  1 

Fig.  5  Spinning  head  No.  2  with  the  short  barrel,  "A"  barrel  and  "B" 

barrel. 

Fig.  6  Mats  of  glass  yarn  spun  from  $  E-giess  (PY-23) .  The  solid  circle 
is  a  1/4"  dot. 

Fig.  7  Close-up  of  glass  yam  (PY-23) .  The  solid  circle  is  a  1/4"  dot. 

Fig.  8  Single  strands  of  glass  yarn  spun  with  variable  twist t  PY-23 

(upper)  and  PY-15  (lower) 

Fig.  9  Samples  of  yarn  wound  on  drums  using  first,  only  the  wrapping  slur 
ink  [CS-9  (Fortisan  rayon) ,  CS-13  (Acrilan) ,  and  PY-15  (8  E-glass 
and  second  the  two  slurry  tanks  [PY-1  (glass/triacetate  rayon)  and 
PY-27  (glass/triacetate  rayon) ] . 

Fig.  10  Yarn  (PY-26)  with  a  core  of  glass  wrapped  with  triacetate  rayon 

(top  and  middle) .  The  solid  circle  is  a  1/4"  dot.  In  the  bottom 
picture  the  core  is  shown  after  the  rayon  was  burned  off. 

Fig.  11  Two-component  glass/triacetate  rayon  yarn  (PY-12)  with  a  volume 
fraction  glass  *  0.06. 

Fig.  12  Two  examples  [PY-1  (top)  and  PY-9  (bottom) ]  of  strands  of  yarn 
before  and  after  burn  off  of  the  triacetate  rayon. 

Fig.  13  Mat  of  100%  glass  yarn  (PY-20)  spun  with  glass  in  the  core  and 
wrapping  slurries.  The  core  fiber  was  red  E-glass  and  appears 
as  faint  horizontal  streaks.  Spinning  was  carried  out  with 
negligible  twist  applied  to  the  wrapping  fibers. 

Fig.  14  Two  examples  of  100%  glass  spun  using  glass  in  the  core  slurry 

and  wrapping  slurry.  The  solid  circle  in  a  1/4”  dot.  The  yarns 
are  PY-17  (top)  and  PY-21  (bottom) . 

Fig.  15  Strands  of  yarn  (PY-14)  exhibiting  "puffs"  which  occurred  when 

ihe  flow  rates  from  the  two  slurry  tanks  were  approximately  equal. 
The  solid  circles  are  1/4"  dots. 


take-up 

REEL 


SNUBBER 
ROOL  - 


COMPOSITE 
"  YARN 


MOTOR  • 
CONTROLLER 


ROTATING  TUBE 


'TUBE  ASSEMBLY 


W 


•ALL  VALVE r 


PRESSURE 


i  N, SUPPLY 


PRESSURE 


N2  SUPPLY 


LOW  MOOULUS 
SLURRY  ' 


CT, 

ClL  M  _r_L 


_fn 
HvM  f  * 


HIGH  MOOULUS 
SLURRY 


VESSELS 


SCHEMATIC  OF  OPEN -END  COMPOSITE  SPINNING  APPARATUS 


"’  - 

* 

j 

•  r  .  •  1 

»,f 

BARREL 


TUBE 


SPINNING  HEAD  No.  I 


BARREL  “A" 


SHORT  BARREL 


i 

i 


m 


LOW  MODULUS  TUBE 


SPINNING  HEAD  No.2 
FIG.  5 


Fig 


Fig.  11 


Fig.  14 


DOCUMENT  CONTROL  DATA  •  R  4  D 

S|  1  *  f>  *  J<ls  'ill*  ol  title,  h  mlt  >i  I  .thslrtt  t  and  niiJ<,»in  .nmoNiNnn  niu^l  hr  entered  when  the  event  II  report  Is  e  las  hi  lied) 


sa-  Corpora  n»  wither)  U.hipori  si  rumiy  f  lassm  if  *.  uon 


Monsanto  Research  Corporation 


Unclassified 


ON’  Till! 


Development  of  a  Method  and  Apparatus  for  Spinning  a  Yarn  of  High 
Modulus  Fibers 


i  SCRUM'  -l  n  O  T  V  s  (  Tv  f>  e  <>/  report  anti  inr  he>  ivt  dote 


^  T  moniSi  (/  its!  rutnte,  middle  mtttul,  Inxt  name) 


Myrne  R.  Riley 


I  HI  '  Oil  I  CAM 

April  1972 


Hu  c  ON  1  H  A  C  1  ON  UR  AN  1  NO 

N00014-67-C-0218 ‘ 

h  I'HOJI  (  T  KO 


\  )H  TOTAL  NO  O  F  i >  A  G  I 


>h  no  o»  r*  rs 

13 


Q/i.  ONI  GIN  A  TON'S  Mf  l-’OUl  NnMHI  H<3| 


HPC  72-148 


1  (  '  5  T  If  III.)  T  ION  SU  !  I  Wl  NT 


»r  otnf  Ti  nr  four  T-rorTiJ  (Any  other  tuimlirr'  thttl  ihtd  hi* 
this  rr/iortt 


It  1  I  T'U  Wl  NUlf  NOTIS 


^  \  l  f  1  H  A  c  T 


.  Sf  OTJSO  WING  M '  !  MAIf  A  C.  T  I  y  I  T  ’ 


Office  of  Naval  Research 
Washington,  D.  C. 20360 


A  two-slurry  vortex  spinning  process  was  developed  for  spinning  a  yarn 
of  aligned  high  modulus  core  fibers  wrapped  with  helically  twisted 
fibers  of  the  same  or  lower  modulus.  Yarn  was  formed  at  the  entry  to 
the  rotating  tube  of  the  spinning  assembly  as  the  annular  fiber  sus¬ 
pension  twisted  around  the  more  viscous  core  slurry.  The  rotating 
tube  generated  an  axial  vorticity  gradient  within  the  suspension,  and 
the  resulting  hydrodynamic  force  tv<’isted  the  outer  fiber  layer.  Yarn 
was  spuj  consisting  of:  chopped  glass  in  the  core  and  wrapping  posi¬ 
tions;  glass  as  the  core  wrapped  with  synthetic  textile  fibers;  long 
staple  Pi-silicon  carbide  whiskers  wrapp' d  wigh  glass  and  synth<  tic 
fibers.  The  operating  limits  for  spinning  yarn  with  the  apparatus 
were  determined. 

Fiber  reinforced  epoxy  composites  were  formed  using  yarn  spun  with  the 
vortex  device.  The  mechanical  properties  were  comparable  to  values 
obtained  on  extruded  discontinuous  fiber  composites,  i 
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